Introduction
Major depressive disorder (MDD) poses a substantial public health problem because it is often a chronic, serious mental illness with a yearly prevalence rate of 2%-5%. 1, 2 Moreover, MDD ranks fourth among causes of death and disability. 2 Treatment resistance contributes to this burden, as half of the people with MDD do not adequately respond to commonly prescribed medications, such as selective serotonin reuptake inhibitors (SSRIs). 3 Thus, there is a need for more effective anti depressant treatment. Whereas most development of anti depressants has focused on SSRIs and their augmentation, 4 monoamine oxidase (MAO) inhibitors have several particularly useful therapeutic aspects, such as reduction of the metabolism of multiple monoamines and antioxidant properties. 5 The target site of those antidepressants is MAO-A, an enzyme metabolizing serotonin (5-HT), dopamine (DA) and norepinephrine (NE) that is mostly localized in human brain neurons releasing NE, but also detected in 5-HT-and DAreleasing neurons, astrocytes and glia. 5 Historically, the MAO-inhibiting compounds were irreversible, inhibited both MAO-A and MAO-B, and had a side effect of tyramine intolerance requiring dietary restrictions to avoid hypertensive crisis. Recent advances address these concerns through the development of selective and reversible MAO-A inhibitors, such as moclobemide, and MAO-inhibiting compounds with a high ratio of brain-to-periphery concentrations. 5 The main challenge for developing MAO-inhibiting compounds is to obtain good brain penetration and a minimal hypertensive response to tyramine. In humans, the latter is readily quantifiable, but the optimal brain penetration for MAOinhibiting antidepressants to reach the MAO-A target is not known. Occupancy studies are now a standard for quantifying brain penetration of antidepressants because the results relate well to clinical efficacy. Selective serotonin reuptake inhibitors of 100-fold varying affinity consistently demonstrate occupancy values near 80% at steady-state conditions of treatment doses, which distinguishes them from placebo, so this benchmark is now applied to developing new antidepressants that bind to the serotonin transporter (5-HTT). 6, 7 The benchmark is typically applied during phase-1 trials to determine if there is adequate brain penetration and to determine the optimal dosing for the next phase. Plasma levels alone with affinity measures are not an adequate substitute for in vivo imaging: the nonlinear relation between plasma levels and occupancy is not easily predictable, and sometimes the pharmacokinetics in plasma and the brain differ greatly. 7, 8 It cannot be assumed that optimal occupancies for antidepressants are the same across targets. For example, the 5-HTT occupancy of SSRIs is 80% during steady-state treatment of MDD, 6, 7, 9 and the dopaminergic transporter (DAT) occupancy of bupropion is 14% during steady-state treatment of MDD. [10] [11] [12] Despite the use of MAO inhibitors to treat MDD for over 40 years, the percentage of MAO-A sites occupied by MAO-A inhibitors during the treatment of major depressive episodes is still unclear.
Another reason to develop MAO-A inhibitors is that they closely match one aspect of the pathophysiology of MDD, since greater MAO-A binding occurs in patients with MDD. During major depressive episodes MAO-A binding is elevated by 30% in affect-modulating brain regions. 13 Consistent with the role of MAO-A of metabolizing monoamines, Barton and colleagues 14 reported that brain 5-HT turnover is greater during major depressive episodes. In recovery, MAO-A binding may be elevated, and those with the highest elevations in MAO-A binding subsequently experience recurrence. 15 Given these findings and new advances in the development of MAO inhibitors, targeting MAO-A is a focus of renewed attention for the treatment of MDD and other neuropsychiatric illnesses. 16 St. John's wort, or hypericum perforatum, is an herb purported to have antidepressant properties. 17 There are some uncertainties regarding the use of St. John's wort as an antidepressant, as there are few large, randomized, double-blind, placebo-controlled trials, some reporting negative results. 18 Even so, millions of people worldwide use it as a treatment for major depressive episodes, and St. John's wort remains one of the top-selling herbal products in the Unites States. 19 It is reported that some substances in St. John's wort, such as hypericin and hyperforin, have some affinity for MAO-A. 20, 21 This belief has led to recommendations that some medications, such as transdermal selegiline and SSRIs, are contraindicated during St. John's wort intake. Affinity need not necessarily lead to target occupancy, since brain penetration is an important factor for whether a medication successfully blocks the target site. The present study assesses whether St. John's wort should be classified as an MAO-A inhibitor based on its MAO-A occupancy level.
The main purpose of this study was to determine brain occupancy during steady-state treatment of major depressive episodes with the selective MAO-A inhibitor moclobemide. We hypothesized that there would be a substantial decrease of MAO-A binding throughout the brain by moclobemide at a steady state in patients with MDD. This would establish a useful standard of brain penetration for the development of new MAO-A inhibitors. A second aim was to assess MAO-A occupancy of St. John's wort to determine to what extent it acts as an MAO-A inhibitor in vivo.
Methods

Participants
We recruited participants with MDD and healthy controls between 19 and 48 years of age. Most of the baseline data among the patients with MDD has been previously reported. 13, 15 Women in perimenopause or menopause were excluded. Participants were screened to rule out any comorbid Axis I disorders using the Structured Clinical Interview for DSM-IV, Patient Edition (SCID-P), 22 and for borderline personality disorder or antisocial personality disorder using the Structured Clinical Interview for DSM-IV for Axis II disorders. 23 Each patient also received a psychiatric consultation to verify the SCID-P diagnosis. A score of 16 or greater on the 17-item Hamilton Rating Scale for Depression (HAM-D) 24 was required for entry into the study. Patients with psychotic symptoms, bipolar disorder (type I or II), borderline personality disorder, long-term self-harm behaviour outside of major depressive episodes or comorbid Axis I diagnoses were excluded, as were participants with a history of alcohol or drug abuse or drug dependence. History of all drug use was recorded. All participants underwent a urine drug screen on each day of [ 11 C]-harmine positron emission tomography (PET) scanning and underwent routine blood tests (thyroid function, electrolyte level and complete blood cell count) to rule out medical causes of disturbed mood.
Participants enrolled in the St. John's wort administration condition had to meet 2 additional criteria. The first was that they still wished to take St. John's wort after being advised of the standard treatment algorithms for the treatment of major depressive episodes and had been offered such standard treatment. The second was that they could not have active suicidal ideation. The measures for the second criteria were a score lower than 3 on the subscale corresponding to the presence of suicidal ideation and presence of plans within the Scale for Suicidal Ideation 25 and a score less than 2 on the suicide question on the HAM-D. 24 For each study participant, we obtained written consent after the procedures had been fully explained. The Research Ethics Board for Human Subjects at the Centre for Addiction and Mental Health, University of Toronto, approved the study and recruitment procedures.
Treatment protocol
Each patient with major depressive episodes underwent 2 [ 11 C]-harmine PET scans, 1 at baseline and 1 after 6 weeks of treatment with 300 mg of moclobemide twice daily or 600 mg of St. John's wort twice daily. Healthy controls did not receive treatment and were scanned twice under testretest conditions.
Before treatment, patients were informed that their plasma antidepressant levels would be sampled on the day of the second [ 11 C]-harmine PET scan. The second scan took place 2-4 hours after the last dose (t max for moclobemide was about 2 h, 26 and t max for compounds of St. John's wort formulation was 2-4 h 27, 28 ).
Scanning protocol
A mean dose of 352 (SD 23) MBq (HRRT camera) and a mean dose of 350 (SD 30) MBq (GEMS 2048-15B camera) of intravenous [ 11 C]-harmine were administered as a bolus for each PET scan. The qualities of [ 11 C]-harmine are excellent for measuring MAO-A binding, showing high affinity and high selectivity for MAO-A, high brain uptake, full reversibility and a high signal-to-noise ratio, and modelling data suggest a lack of metabolites in the human brain. 13, 15, 29, 30 We used an automatic blood sampling system to measure arterial blood radioactivity continuously for the first 10 minutes. Manual samples were obtained at 2.5, 7.5, 15, 20, 30, 45, 60 and 90 minutes. The radioactivity in whole blood and plasma was measured as described previously. 29 Frames were acquired as follows: 15 frames of 1 minute, then 1 frame of 5 minutes. The radiochemical purity of [ 11 C]-harmine was high (> 95%, n = 46), and the mean (and SD) high specific activities were 52 (15) terabequerel/mmol for patients treated with moclobemide, 45 (19) terabequerel/mmol for patients treated with St. John's wort and 44 (15) terabequerel/mmol for controls at the time of injection.
The PET images were obtained using either an HRRT PET camera (full-width at half-maximum 3.1 mm; Siemens Molecu lar Imaging) or a GEMS 2048-15B camera (full-width at half-maximum 5.5 mm; Scanditronix Medical, General Electric). Each participant underwent both scans with the same scanner. Attenuation correction and reconstruction procedures have been described previously. 13, 15, 30 Each participant underwent magnetic resonance imaging (GE Signa 1.5-T scanner; fast-spoiled gradient echo, T 1 -weighted image; x, y, z voxel dimensions = 0.78, 0.78, 1.5 mm; GE Medical Systems).
Data analysis
Regions of interest (ROIs) were determined on magnetic resonance images coregistered to each summated [ 11 C]-harmine PET image using a mutual information algorithm. 31 For images acquired on the GEMS 2048-15B scanner, ROIs were drawn on coregistered MRI scans. For scans acquired on the HRRT camera, the identical regions were identified on a template MRI scan and then transformed onto the individual MRI scans via a series of transformation and deformation parameters that match the template image to the coregistered MRI scan. This was followed by selection of grey matter voxels within the ROI and visual verification. 32, 33 The ROIs included were the prefrontal cortex, anterior temporal cortex, anterior cingulate cortex (Brodmann area [BA] 24 and part of BA 32), dorsal putamen, thalamus, hippocampus and midbrain. The ROIs selected were those for which abnormal function, pathology or neurochemistry has been implicated in mood regulation and/or mood disorders. 34 The first method to measure MAO-A was [ [ 11 C]-harmine is particularly well-developed because affinity and selectivity are established, modelling work has been done in humans, and no brain-penetrant metabolites occur. 37 The kinetics of [ 11 C]-harmine can be described with an unconstrained 2-tissue compartment model. 29 Highly identifiable fits for MAO-A V T may be routinely obtained with the unconstrained 2-tissue compartment model. MAO-A V T is an index of [ 11 C]-harmine binding in tissue relative to plasma concentration at equilibrium. 13 For conditions with significant change in MAO-A V T , MAO-A occupancy was quantified applying the distribution volume of specific binding (MAO-A V S ) derived from the Lassen plot, a graphic method that allows for estimation of MAO-A V S in the absence of a reference region. 38 Occupancy in the regional brain areas was defined as (100 × [MAO-A V S in scan 1 -MAO-A V S in scan 2] ÷ MAO-A specific binding in scan 1) and expressed as a percentage calculated for each individual.
Statistical analysis
The primary measure was the change in regional MAO-A V T . To test the first hypothesis, we conducted a repeatedmeasures analysis of variance (ANOVA) with MAO-A V T as the dependent variable, and scanner type and group were identified as predicting variables (moclobemide treatment v. test-retest). To test the second hypothesis, we applied a similar analysis using a repeated-measures ANOVA with MAO-A V T as the dependent variable, and scanner type and group were identified as predicting variables (St. John's wort treatment v. test-retest). For the primary analysis of moclobemide effect on MAO-A V T , scanner as a predicting variable had no signifi cant effect on the outcome measure MAO-A V T (p = 0.29-0.51) in the first step of repeated-measures ANOVA and was therefore excluded from further analysis.
Results
We included 23 participants in our study. There were 13 patients with major depressive episodes (5 men and 8 women, mean age 32 [standard deviation; SD 7] yr) and 10 healthy controls (5 men and 5 women, mean age 29 [SD 10] yr). The demographic and clinical characteristics of participants are shown in Table 1 . All study participants were physically healthy, they were nonsmokers, and they had no history of neurotoxin use. No participant had a history of exposure to 3,4-methylenedioxymethamphetmamine or other drugs suspected to have neurotoxic effects. No patient was taking any psychotropic medication at the time of the baseline scan. In the moclobemide group (n = 6), 1 study participant had been free of medication for more than 5 weeks, 1 for more than 8 weeks and all others for more than 5 months. Two patients had never completed a full 6-week antidepressant trial. In the St. John's wort group (n = 7), all participants had been free of medication for more than 1 year, 2 patients had never completed a full 6-week antidepressant trial and 5 were antidepressant-naïve. The mean HAM-D score was 22 (SD 3); 1 patient who scored above 20 on the HAM-D at the screening visit dropped to a score of 14 on the day of the baseline scan, and we excluded this patient from our analysis.
In total, 46 PET scans were performed. Among healthy controls the mean interscan period was 6 (SD 12) weeks, ranging from both scans on 1 day to an in-between scan period of 196 days. Six participants in the control group, 1 patient in the moclobemide group and 3 patients in the St. John's wort group underwent the protocol on the HRRT PET scanner. Four participants in the control group, 5 patients in the moclobemide group and 4 patients in the St. John's wort group underwent the protocol on the GEMS 2048-15B PET scanner.
We observed a change in MAO-A V T for each region after moclobemide treatment but not for St. John's wort administration and test-retest (control) conditions. Patients treated with moclobemide showed a significantly greater reduction in regional MAO-A V T after treatment compared with controls (ANOVA, regional MAO-A V T repeated-measure, group effect assessed, F 1,15 = 71.08-130.06, p < 0.001; nonparametric Mann-Whitney U test p < 0.001 for all regions; mean difference after treatment 67% [SD 4%]; Fig. 1) . The test-retest data from the control group showed a mean change in MAO-V T of 8% (SD 4%) of the baseline value.
Applying the Lassen plot, the mean MAO-A occupancy across all regions was 74% (SD 6%), as shown in Table 2 , which compares MAO-A brain occupancy after moclobemide treatment with brain occupancy rates for other targets and their corresponding plasma kinetics. Figure 2 shows the change in MAO-A V T in a single representative participant.
For the second analysis of the effect of St. John's wort on MAO-A V T , there was no effect of scanner type on MAO-A V T change (St. John's wort v. control, p = 0.07-0.62), so the scanner type was removed as a factor in the analysis. In the next analysis, after removing scanner type as a factor, participants taking St. John's wort did not have a significant change in MAO-A V T compared with controls (ANOVA, regional MAO-A V T repeated measure, group effect assessed, In patients with major depressive episodes, at the second scan mean serum levels of moclobemide were 2515 (SD 1831) ng/mL, and mean serum levels of hypercin and hyperforin were 89 (SD 62) ng/mL and 235 (SD 176) ng/mL, respectively. There were no statistical differences in age, sex, injected dose or specific activity injected on each scanner between subgroups of depressed patients and healthy controls.
Discussion
To our knowledge, this is the first study of MAO-A occupancy during moclobemide treatment in a clinically depressed patient population. We found, on average, 74% occupancy among the ROIs following treatment with a clinical dose of moclobemide (600 mg) for 6 weeks. This finding, in a clinical population, supports a 74% occupancy as a desirable threshold in the development of MAO-A inhibitor antidepressants, even though this magnitude exceeds elevations in MAO-A binding in patients with MDD and during a major depressive episode. Although substances in St. John's wort have been reported to possess a similar in vitro affinity, no significant changes in MAO-A binding were detectable, indicating that St. John's wort should not be classified as an MAO-A inhibitor in vivo. Based on a dose of 300 mg of moclobemide twice daily being distinguished from placebo in clinical trials, [46] [47] [48] we infer that the occupancy associated with this dose reflects an optimal occupancy for the development of new MAO-A inhibitors. Since administration of 300 mg of moclobemide twice daily was associated with about 74% MAO-A occupancy, this occupancy level is preferred in future development of selective MAO-A inhibitor antidepressants for multiple-dose phase-1 studies. This information will be particularly useful in dose selection of novel selective and nonselective MAO-A inhibitors with favourable tolerability profiles. 5 The present study measured MAO-A occupancy and focused on a selective MAO-A inhibitor. It is possible that medications that reach other therapeutic targets in addition to MAO-A, such as combined MAO-A and MAO-B inhibitors, may not require 74% occupancy to be therapeutic because such medications would have the additional therapeutic benefit of the second binding site. However, provided tolerability and safety requirements are met, we suggest that an occupancy of 74% for MAO-A is preferable to optimize the therapeutic effect of such compounds binding reversibly at this selective target site. In the present study, the 74% occupancy is inferred to be at steady-state conditions based on previous reports that the level of MAO-A inhibition of moclobemide in the brains of rodents demonstrated a t 1/2 -life of 10 hours 39 and on the fact that our minimum length of treatment was 4 weeks at the treating dose in the present study. The brain kinetics and plasma kinetics for moclobemide have been previously reported to be discrepant in rodents, such that the inhibitory effect in the brain persisted beyond the removal of moclobemide from plasma.
It is interesting that the 74% occupancy effect of moclobemide exceeds the disease effect of 30%. One way to understand this difference is to consider that there is also a temporal aspect of raised or lowered MAO-A and a tendency of resilience in monoaminergic systems toward acute parameter changes. 49 A 30% increase in MAO-A binding occurs in the disease state, which lasts months to years, and then in the treatment condition there is a 6-week period in which a 74% MAO-A occupancy is induced. A matching reversal would be appropriate if the change in MAO-A were considered the only target (without downstream effect). However, MAO-A metabolizes monoamines, and changes in monoamines have neuromodulatory effects. Therefore, it may be that both the level of MAO-A binding change and the duration of illness and treatment need to be considered when comparing the magnitude of disease with the magnitude of treatment.
The change in MAO-A V T obtained after administration of St. John's wort was less than 5%, a number similar to the range of test-retest variability, implying a near negligible occupancy at the MAO-A site. For some targets, it is possible that a minimal occupancy may still be important. For example, the average occupancy reported for bupropion at the DAT is 14%, a level frequently not detectable, [10] [11] [12] 41 yet DA reuptake inhibition is still considered an important therapeutic aspect of bupropion. However, the data available to interpret the minimal MAO-A occupancy differ: not only is the MAO-A occupancy of St. John's wort nonsignificant and minimal, but it is also tremendously lower than that of moclobemide. Therefore, administration of St. John's wort should not be viewed as similar to receiving MAO-A inhibitor antidepressant treatment in humans. Consistent with this perspective, in clinical settings participants reporting a history of nonresponse to St. John's wort should not be viewed as having had a nonresponse to MAO inhibitor treatment.
This study presents additional information to consider in understanding the relation between affinity and occupancy among antidepressants. In considering the SSRI alone, whereas there was no relation between affinity (which varied 100-fold) and occupancy, there was a common property among frequently prescribed SSRIs: they were about 10-fold greater or less than nanomolar affinity. This suggests that nanomolar affinity is related to substantial occupancy. The occupancy of bupropion seemed consistent with this perspective, as bupropion has near micromolar affinity (Ki = 630 nM) and minimal to nondetectable occupancy. 12, 51 Given these results, it may have been expected that neither St. John's wort (which contains substances that have micromolar to millimolar IC 50 levels) nor moclobemide (micromolar IC 50 in vitro) should have substantial occupancy. The present study demonstrates that an antidepressant, moclobemide, with modest affinity for its primary target still has high occupancy in vivo in humans. Whereas in vitro affinity and IC 50 inhibitory values are important for characterizing novel antidepressants, in vivo occupancy results clearly add information not otherwise obtainable in humans. 52 
Limitations
The occupancy estimates are limited by the sample size of each treatment group; hence, our estimate for the overall moclobemide occupancy of 74% has a 95% confidence interval of 70%-78%, and we can estimate with 95% certainty that the occupancy of St. John's wort is less than 5%. A second limitation of the study was that 2 different PET scanners were used. However, MAO-A binding has excellent homogeneity in the structures measured, and the regions were reasonably large. 50 In addition, the study applied a within-subject design, and the repeated-measures ANOVA with MAO-A V T as the dependent variable and scanner type as predicting variable did not suggest an effect of scanner type. Moreover, test-retest differences in MAO-V T values were consistent with previously published data that have been obtained on either scanner. 13, 15 In contrast to the treatment groups, not all of the participants in the control group had their second scan 6 weeks later. As we do not observe any relation between MAO-A binding and season or between MAO-A binding and phase of menstrual cycle in the data collected, we think it is unlikely that this introduced any bias across scanning in the control group. It is possible that MAO-A binding may have become somewhat more variable with greater duration between scanning. However, our nonparametric comparisons of change between the control and moclobemide groups were also significant, and the between-group results were entirely consistent with the within-group analyses (i.e., robust effect of moclobemide and no effect of St. John's wort).
Conclusion
To our knowledge, this is the first study to measure brain MAO-A occupancy of a clinically effective dose of a selective MAO-A inhibitor during steady-state antidepressant treatment for major depressive episodes. Our main finding is that moclobemide at therapeutic dosing leads to a consistent MAO-A occupancy of about 74% in brain regions implicated in mood disorders, thus establishing a target threshold and guideline for optimal MAO-A occupancy for novel MAO-A inhibitors. The reduction of MAO-A binding observed during moclobemide treatment in patients with MDD exceeds the greater MAO-A binding observed in those patients by a magnitude of more than 30%, thereby supporting the argument for more complicated therapeutic models than reversal of greater MAO-A binding in disease. A second notable finding is that the popular over-the-counter herb St. John's wort had a negligible effect on MAO-A binding in vivo and, therefore, should not be classified as an MAO-A inhibitor. Previous antidepressants, which demonstrated a high occupancy during clinical treatment, had nanomolar affinity, whereas moclobemide has micromolar affinity. This demonstrates that, whereas affinity is a cardinal measure for treatment development, occupancy measures are also needed to assess brain penetration of antidepressants, such as MAO-A inhibitors.
